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a b s t r a c t
Vicia faba L. seeds were grown in a pot experiment on soil, mine tailings, and a mixture of both to mimic
field situations in cultivated contaminated areas near mining sites. Metals in the substrates and their
translocation in root, stemand leaf tissueswere investigated, includingmorphological responses of plants
growing on mine tailings. Metal concentration – and generally bioaccumulation – was in the order:
roots > leaves > stems, except Pb and Cd. Translocation was most significant for Zn and Cd, but limited
for Pb. Metal concentration in root and leaf was not proportional to that in the substrates, unexpect-
edly the minimum being observed in the mixed substrate whilst plant growth was retarded by 20% (38%
on tailings). Calcium, pH, organic matter and phosphorus were the main influencing factors for metal
translocation. The ultrastructure of V. faba L. cells changed a lot in the mine tailings group: root cell walls
were thickened with electron dense Pb, Zn and C particles; in chloroplasts, the number of plastoglobuli
increased, whereas the thylakoids were swollen and their number decreased in grana. Finally, needle-
shaped crystalline concretions made of Ca and P, with Zn content, were formed in the apoplast of the
plants. The stratagems of V. faba L. undergoing high concentrations of toxic metals in carbonate substrate,
suggest root cell wall thickening to decrease uptake of toxic metals, a possible control of metal trans-
port from roots to leaves by synthesizing phytochelators–toxic metal complexes, and finally a control
of exceeded Ca and metal concentration in leaves by crystal P formation as ultimate response to stress
defense. The geochemical factors influencing metal availability, guaranty a reduction of metal content in
plant growing on mixed tailing/soil substrate as far as carbon te are not completely dissolved.
1. Introduction
Mine tailings, the solid waste from mineral resource exploita-
tion, causes severe environmental problems. It is reported that
there are more than 1000 abandoned mines in Korea (Kim et al.,
2003), and about 100,000 to 500,000 mine sites are abandoned or
inactive in the United States (Carrillo-Chavez et al., 2003). Unfor-
tunately it appears that in some places, the dams built to retain
the mine tailings have collapsed. Since 1970, there have been 35
reportedmajormine tailing dam failures around theworld. In 2000
alone, there were five reported accidents in China, Romania, Swe-
den, and USA (Macklin et al., 2003). As a result, the lower regions
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of river and farmland are coveredwith a thick layer of mine tailings
and severe environmental disasters take place.
In these contaminated areas, the bare surfaces of the mine
tailings-covered soils will accelerate surface soil erosion by rain,
underground water contamination due to leaching, and atmo-
sphere pollution by wind, particularly if there is no vegetation
cover (Conesa et al., 2007). Thus, the degree of contamination may
increase and the range expands (Salvarredy-Aranguren et al., 2008).
In spite of some remediationbymechanical sludge removal,most of
the contaminated farmlands are often still covered with spills and
some of them are cultivated at present (Liu et al., 2005). Because
of high concentrations of toxic metals, poor soil physical structure,
nutrientdeficiency, andpotentiallyhigh-pHvalue found in themin-
ing waste, it is very difficult for plants to grow. Chronic lower level
intakes of toxic elements have deleterious effects onman and other
animals, since there is no efficientmechanism for their elimination
and the detrimental impact becomes apparent often after several
years of exposure (Bahemuka and Mubofu, 1999).
doi:10.1016/j.envexpbot.2009.02.003
Herbaceous leguminous plants can be used as pioneer species,
which solve not only the problem of nitrogen deficiency in mine
tailings because of their N2-fixing ability, but also improve soil
quality, and reduce weed occurrence (Yang et al., 2003). Our previ-
ous field trials found that some herbaceous legumes (e.g. soybean,
Adzuki bean, mung bean and peanut) could successfully grow on
lead/zinc mine tailings-covered soil (Liu et al., 2005). The most
important result was that the toxic element concentrations in the
seeds were the lowest among all those considered crops, which
include cereal (rice, maize, and sorghum), vegetables (Ipomoea,
Capsicum, taro and string bean), and legumes (soybean, Adzuki
bean, mung bean, peanut and Faba bean), even if they grew on
highly contaminated soil. The considered toxic element (Cr, Co, Ni,
Cu, As, Zn, Cd, and Pb) concentrations in the seeds were lower than
the corresponding threshold levels.
High concentrations of metals can cause severe damages to
plants, hence inhibit their growth and reproduction. The legu-
minous Vicia faba L. might be of interest to grow on metal-
contaminated sites with deficient nitrogen. But since it is consid-
ered as sensitive to metal uptake, it is thus of interest to check if
it may develop some special mechanisms to grow onmine-tailings
contaminated substrate and to inhibit toxic metal uptake and stor-
age.
For this purpose, a pot experiment on soil and mine tailings
was carried out to: (i) identify the metal translocation from sub-
strate to plant tissues of V. faba L.; (ii) evaluate the plant growth
responses; (iii) determine the ultrastructural cell changes under
extreme experimental conditions; (iv) discuss the mechanisms of
control of toxic metals uptake and storage in the root and leaf cells,
and the relationship betweenmetal contamination of substrate and
chemical and morphological responses of plants as stratagems of
survival.
2. Materials and methods
2.1. Pot experiment
2.1.1. Substrates for plant growth
Mine tailings were collected from a small abandoned lead–zinc
mine in a valley from the Pyrénées Mountains, southern France
(Brunel et al., 2003). The soil sample taken as a control, was col-
lected at about 1km from the abandoned mine. After air-drying,
these soil and mine tailings samples were passed through a 2-mm
sieve.
To simulate the condition of mine tailings-covered farmland
and to comply with the major toxic metal concentrations such as,
for example, found in Chenzhou mine tailings-contaminated area
(China, Liu et al., 2005), mine tailings and soil were mixed in a pro-
portion of 1 part mine tailings (290g) to 4 parts soil (1160g). Since
the very sandy mine tailings texture may affect the physical and
chemical properties of the mixed substrates, fine pure sand mixed
with soil was also used as a control in the same proportion. Soil,
mine tailings and pure sand were amended with NPK fertilizer at
the rates of 200mgNkg−1 substrate asCa(NO3)2, and100mgPkg
−1
substrate as KH2PO4. All nutrients were mixed adequately with
these substrates, respectively. The treatment in a pot experiment
included 4 groups of 1450g sample: soil (S), soil + pure sand (S + S),
soil +mine tailings (S + T) andmine tailings (T). All treatments were
in triplicates. Substrates were irrigated with deionized water and
allowed to equilibrate for 3 weeks prior to transplanting.
2.1.2. Greenhouse experiment
A greenhouse experiment was carried out for 8 weeks. V. faba
L. seeds (Commercial mark: Qidou 2) were cleaned and surface-
sterilized with NaClO, and then germinated. When the roots were
about 1 cm in length, seedlings were transplanted into the 12 pots
(diameter 20.5 cm, triplicate treatments) with 12 seedlings per pot,
wateringwith deionizedwater twice aweek. Twelve days later, the
heights of the seedlings were measured.
2.1.3. Samples collection and pre-treatment
At the end of the greenhouse experiment, roots and leaves were
collected for ICP-MS analysis. To avoid extra contamination from
metals, careful procedures of separation, drying and grinding were
carried out. Particularly roots were cleaned according to the pro-
cedure by Wang et al. (2003). The substrates were sampled before
transplanting. After air-dried at room temperature, and sievedwith
a nylon mesh (2mm), the finest fraction (<2mm) was ground in an
agate mortar and stored in plastic bags for analysis.
2.2. Transmission electron microscopy
Ultrastructural studies were performed on root and leaf tissues
from control plants (n=3) and plants grown onmine tailings (n=3)
to determine plant responses under extreme conditions. For each
plant, samples of the middle part of the third leaf from the stem tip
and samples of root tips were chosen. Theywere cut in small pieces
and fixed in a solution of glutaraldehyde (3%) for 4h. After rinses,
they were post-fixed in osmium tetroxide (1%) for 3h, dehydrated
in graded alcohol, and embedded in epon-araldite resin. Ultra-thin
sections were collected on copper/palladium grids. Some of them
were contrasted with uranyl acetate for 30min. Ultra-thin sections
were examined with a Hitachi H600 transmission electron micro-
scope.
2.3. Energy dispersive X-ray microanalysis
Energy-dispersive X-ray microanalysis (EDXM) was carried out
on unstained ultra-thin sections of root and leaf samples prepared
as described above for transmission electronmicroscopy. The ultra-
thin sections were collected on carbon-coated copper grids. EDXM
were performed on a JEOL 2010 transmission electron microscope
equippedwith an EDAX 9100microanalyzer at acceleration voltage
200kV, take-off angle 25.02◦, cooled with liquid nitrogen.
2.4. Metal concentration analysis
To measure total metal and major element concentrations in
the plant tissues and substrate samples, 0.1 g leaf or substrate
powder was completely dissolved by acid digestion method (bi-
distilled HNO3–HF and H2O2) using a well-calibrated procedure
(Hernandezet al.,2003),which includesblanksand referencemate-
rial. Metal concentrations were measured by ICP-MS (PerkinElmer
ELAN 6000) and Ca and P by ICP-AES (see for quality control, Liu et
al., 2005). The different soil parameters have been analyzed at the
INRA Laboratory of Soil Science—Arras (France) following classical
methods.
2.5. Data analysis
All statistical analyses were conducted with SPSS for Windows
6.0. To compare the effects on seedling height and metal concen-
trations in leaves between treatment groups, ANOVA was used.
3. Results
3.1. Substrate characteristics
Table 1 showed the physical and chemical characteristics of the
substrates. The selected soil was fit for plant growing with a low
Table 1
Mean chemical characteristics of the substrates (S, soil; T, mine tailings; n=3) based on three replicates of the three independent series.
Treatment pH (in H2O) CaCO3 (g kg−1) OM (gkg−1) OC (g kg−1) Total P (g kg−1) Total N (g kg−1) C/N CEC (cmol+ kg−1) Ca2+ (cmol+ kg−1)
S 5.1 1 63.6 36.98 0.45 3.40 11.56 3.5 1.27
T 8.6 287 10.9 6.36 0.10 0.38 35.33 0.2 1.96
S+T 5.2 72.5 50.4 29.33 0.36 2.65 15.50 2.7 1.44
acidy (pH 5.1), low-CaCO3 content (1%), high-organic matter con-
tent and moderate contents of total P, N, and C/N ratio. The mine
tailings were a sandy waste (83.6% sand) with low content of clay
(3.1%), hence the water holding capacity was quite low. pH value of
themine tailings was rather high (8.6) and CaCO3 content was very
high, which suggested that ore was processed under alkaline con-
ditions. The same situation was found in the mine tailings from
Chenzhou Pb/Zn mine, China (Liu et al., 2005) and from Mount
Uludag, Turkey (Gûleryûz et al., 2002). Otherwise, the other chem-
ical characteristics of the mine tailings, such as low-organic matter
content, total P and total N, were not conducive for plant growth.
However, mixing of these materials (soil and tailings) represented
field situations of potential contaminated cultivated areas in vari-
ous mining regions of the world.
3.2. Metal concentrations in the substrates
Metal concentrations in the substrates were listed in Table 2.
The mine tailings were characterized by very high concentrations
of Pb, Cd, Cu and Zn, which exceeded the corresponding maximum
permissible limits for agricultural soils (see Türkdogan et al., 2003;
Hernandez et al., 2003) by 580, 429, 30 and 19 times, respectively.
In the soil sample, the total concentrations of these four metals
still exceeded the corresponding upper limit, as well as the world
ranges for metals in non-polluted agricultural soil (Kabata-Pendias
and Pendias, 1992). This soil from the Pyrénées Mountains was
derived from mineral enriched bedrock (Brunel et al., 2003), but
might also have been affected by the surroundingmining activities,
mainly by atmospheric dust deposition. No significant differences
were detected between S and S+S taking into account the dilution
by the proportion of sand. The concentrations of Pb, Cd and Cu in
the group of S +Twere similar to those in themine tailings-covered
soils of Chenzhou lead/zinc mine (Table 2), previously reported by
Liuet al. (2005).OnlyZnwasabout three timeshigher inourpresent
experimental substrate than that in Chenzhou soil. On the opposite,
the concentrations of Cr, Co andNi fell belowworld ranges reported
for non-polluted soils (Kabata-Pendias and Pendias, 1992), so the
effects of these three metals were not supposed to significantly
affect plant growth.
3.3. Metal concentrations in plant tissues of V. faba L.
Pb, Cd, Cu and Zn were the most severe contaminants in the
mine tailings, and Mn is an essential element for plant growth,
which was taken into consideration as an indicator for nutrient
plant absorption. Our attention was thus focused on these five ele-
ments.
Among the five elements, Zn concentration in all plant tissues
of V. faba L. was the highest, followed by Mn. Pb concentration was
quite low (except on mine tailing plants) even though it was very
high in the corresponding substrates (Fig. 1). The results showed
that V. faba L. contained Zn and Mn, in a range of 76.6–944mgkg−1
in the leaf tissue, and 251–5903mgkg−1 in the root tissue. V. faba
L. also absorbed and stored some Cu, Pb and Cd, with a range of
0.24–27.8mgkg−1 in the leaf tissue, but much more in the root
tissue (17.6–1577mgkg−1).
Except Cd andMn, the metal content in roots was the highest in
V. faba L. growing onmine tailings. In stems and leaves, only Pb had
the highest concentrations in plants of the mine tailings group. We
had expected that the concentrations of the considered metals in
plant tissues would linearly increase with that in the correspond-
ing substrates. But, when comparing the four treatments (Fig. 1),
the results clearly showed that all these four toxic element concen-
trations and also the nutrient elements such as Mn, were almost
the lowest in the S+T group. The S+ S group did not show any dif-
ferences in plantmetal content compared to the S group, indicating
no effect of substrate physical characteristics on metal absorption
by plants.
The degree ofmetal absorption and translocation from substrate
to vegetal tissues was estimated using the BAF (bioaccumulation
factor, see Table 3). Generally, the BAF of Mn, Cu, Zn and Cd were
in the order of root≫ leaf > stem indicating that a major portion of
the elementswas distributed in roots, whereas only a small portion
was transferred to leaf (8–44% for Mn, Cu and Zn) and to stem tis-
sues (3–27% for Mn, Cu and Zn). The rest (about 38–85%) remained
in roots. The exception was Pb (and Cd in plant growing on S+T),
which was in the order of root≫ stem> leaf. For Cd and Pb respec-
tively, only about 1–7% of the total concentration was distributed
in the leaves, 3–11% in the stems, whereas 86–96%was in the roots.
Therefore, less proportion was transferred to the upper parts of the
plants. Similar results were reported by Chen et al. (2003) for soy-
beanplants,whereCdaccumulated in roots between2and20 times
by comparison to stems and leaves.
Cd and Zn had the highest BAF values for the root, leaf and stem
tissues of V. faba L. growing on soil (Table 3), indicating that these
elements are the most mobile and reactive elements under acid
conditions (as usually found in such soils, Hernandez et al., 2003),
followed by Mn and Cu. Lead was the most stable element.
Table 2
Mean metal concentrations in the substrates before planting and in Chenzhou Pb/Zn mine contaminated soils (mgkg−1): S + S, soil mixed with pure sand; S, soil; S + T, soil
mixed with mine tailings; T, mine tailings.
Treatment Cr Mn Co Ni Cu Zn Cd Pb
In the present experiment study
S+ Sa 95.1 249.2 7.4 108.1 83.7 195.6 1.1 72.1
S 118.9 311.5 9.2 135.1 104.6 244.5 1.3 90.1
S +Ta 99.0 689.5 9.1 114.9 116.8 3105.1 9.7 1626.5
T 19.7 2201.8 8.6 33.8 165.5 14547.6 42.9 7771.8
In Chenzhou mine tailing contaminated soilsb 28.8–63.5 – 5.7–13.6 10.0–31.6 110.1–148.9 529.6–1251 3.5–11.1 852–1444
(–) not measured.
a Calculated values based on the mixing ratios between soil and pure sand or mine tailings.
b Liu et al. (2005).
Fig. 1. Total metal concentrations in the root, stem, and leaf tissues of Vicia Faba L. (S + S: soil mixed with pure sand; S: soil; S + T: soil mixed with mine tailings; T: mine
tailings) (mean± S.D., n=3) based on three replicates of the three independent series.
Table 3
BAF values of root, stem, and leaf tissues of Vicia faba L. (S + S, soil mixed with pure sand; S, soil; S + T, soil mixed with mine tailings; T, mine tailings).
Root tissue Stem tissue Leaf tissue
S+ S S S+T T S+ S S S+T T S+ S S S+T T
Mn 6.35 3.60 0.33 0.13 0.26 0.19 0.05 0.01 2.38 1.88 0.10 0.11
Cu 0.26 0.22 0.17 0.88 0.18 0.12 0.10 0.07 0.24 0.23 0.10 0.08
Zn 17.43 14.23 0.25 0.39 1.39 1.28 0.04 0.02 3.83 3.96 0.04 0.05
Cd 57.77 44.97 1.46 0.75 2.45 2.13 0.11 0.03 3.30 3.25 0.02 0.04
Pb 1.75 1.77 0.06 0.22 0.06 0.23 0.00 0.01 0.02 0.05 0.00 0.00
BAF= [M]plant/[M]substrate , with [M]plant: the metal concentration in the plant tissue and [M]substrate: the metal concentration in the substrate.
3.4. Effects of metals on V. faba L. seedling growth
The influence of the substrate on seedling growthwas estimated
using the restraining index calculation (Table 4). The results indi-
Table 4
Mean heighta and restraining index (RI)b of V. faba L. seedling in response to mine
tailings treatments (mean value± S.D., n=36).
S S + S S+T T
Mean height± S.D. (cm) 8.69±2.24 8.07±2.35 7.07±1.90 5.52±2.18
RIheight (%) 0 8.78 19.99
** 37.59**
Biomass (gdrymatter) 8.27±0.93 8.67±1.93 6.35±1.44 6.26±2.94
RIbiomass (%) 0 −4.65 30.32
** 32.13**
a The mean height of the seedling from the soil surface to the seedling tips.
b Restraining index (RI) = (mean value of control group−mean value of treated
group)/mean value of treated group×100% (soil group was indicated as control
group).
** Difference is significant at 0.01 level.
cated that in the S+T and T groups, V. faba L. seedling growth was
significantly (p<0.01) restrained by 20% and 38%, respectively, as
compared to the control group (S).
The restraining equation is y=12.4x−14.4, R2 =0.974 (n=36);
where y corresponds to restraining index and x corresponds to
treatments.
The growth performance was retarded significantly in the S+T
group despite the lowest metal concentrations found in the plant
tissues. The dry biomass of V. faba L. was decreased significantly
(p<0.01) in the S+T or T groups with a restraining index of 30.3 or
32.1, respectively.
3.5. Ultrastructure changes in root tissues of V. faba L. grown on
mine tailings
The root cambium or cortex cells of control plants did not
exhibit any ultrastructural alterations. Cambium cells were undif-
ferentiated with a central nucleus, a large cytoplasm rich in rough
endoplasmic reticulum, free ribosomes and mitochondria (Fig. 2).
Small vacuoles containing electron dense materials were scattered
throughout the cytoplasm. Root cortex cellswere boundedby a thin
cell wall (103–294nm) (Fig. 3a). The periplasmic spaces were nar-
row. However, few small electron dense particles were observed on
the surface of cell walls and in intercellular spaces (Fig. 3a, arrows).
Roots of V. faba L. grown on mine tailings were macroscopically
altered. They were dark in color whereas roots of control plants
were light. Transmissionelectronmicroscopic examination showed
ultrastructural changes in root tissues. The cell walls were thick-
ened (588–705nm) and consisted of an inner weakly dense layer
and an outer dense layer (Fig. 3b1). Numerous electron dense par-
ticles of various sizes were observed in intercellular spaces, where
they were often adsorbed on the surface of cell walls (Fig. 3b1 and
3b2, arrows). Some of themwere localized inside the outer layer of
cell walls (Fig. 3b2, small arrows). In highly damaged root cells, the
electron dense particles sometimes in clusters, were distributed at
the cell periphery (Fig. 3c, arrows) and on the surface of nuclear
envelope (Fig. 3c, arrow heads). X-ray probe microanalysis showed Fig. 2. Electronmicrographshowing root cambiumcells ofVicia faba L. grown in con-
trol soils. No structural changes were observed. N: nucleus; V: vacuole. Bar =3mm.
Fig. 3. Evidence for the accumulation ofmetal particles in root tissues of plants grown onmine tailings (b1 , b2 , c and d) compared to control plants (a). (a) Electronmicrograph
showing thepresenceof small denseparticles on the surfaceof cellwall (CW)and in intercellular spaces (IS) in root tissueof control plants. Bar =0.2mm. (b1 andb2)Distribution
of metal particles in root cells of V. faba L. grown onmine tailings. (b1) Dense particles mainly localized along the surface of cell walls and in intercellular spaces. Bar =0.2mm.
(b2) High magnification showing clusters of dense particles on the surface of cell walls (arrows) and small dense particles inside the cell walls (small arrows). Bar =0.1mm.
(c) Electron micrograph of a damaged root cell displaying dense particles on the surface of its plasma membrane (arrow) and nuclear envelope (head arrow). Bar =1mm. (d)
Spectrum of X-ray microanalysis from dense particles localized on the surface of cell wall of root cells from V. faba L. grown on mine tailings. Pb, Zn, Ca and C peaks were
observed. Cu peak may be disturbed by the section support. Os and Ti are probably due to sample process.
Fig. 4. Electron micrograph showing the general appearance of a leaf cell from con-
trol plant. Note the large central vacuole (V) surrounded by lens-shaped chloroplasts
(Ch). Bar =1mm.
that the particles localized either on the cell walls or inside the cells
were mainly made up of Pb, Zn and C (Fig. 3d). The signal of Cu and
Ti might be mainly associated to the support grid as well as Os to
the chemical treatment.
3.6. Ultrastructure changes in leaf tissues of V. faba L. grown on
mine tailings
The ultrastructural organization of mesophyllic cells of control
plants did not display any abnormalities (Fig. 4). A large vac-
uole occupied the intracellular space. It was surrounded by a thin
cytoplasm containingmitochondria and regularly arranged chloro-
plasts. These latter were lens-shapedwith a typical arrangement of
grana and stroma thylakoids and contained few small plastoglobuli
(Fig. 5a). The number of thylakoids in grana ranged from 4 to 12.
With regard to leaves of V. faba L. grown on mine tailings, a
chlorosis occurred after 25 days of culture as compared to leaves of
control plants. Transmission electron microscopic analysis showed
damage symptoms in leaf tissues. First, a gradual disorganiza-
tion of chloroplasts was observed (Figs. 5b–d). They were more
rounded than chloroplasts in leaves of control plants (Fig. 4b). They
contained a considerably reduced system of grana and stroma thy-
lakoids. Most thylakoids were swollen and their number in grana
ranged from 2 to 4 (Fig. 5c). An increase in the number and size
of plastoglobuli as well as the number of starch granules was also
observed (Fig. 5b and c). In some cells, chloroplastswere totally dis-
organized with a disruption of their envelope and a high swelling
of thylakoids (Fig. 5d). The second main alteration observed in leaf
tissues of V. faba L. grown on mine tailings was the presence of
crystalline concretions. These structures appeared often adsorbed
on the surface of cell walls at the level of intercellular spaces
(Figs. 5b and 6a, arrows). They were needle-shaped and measured
68.5nm±14.9 length and 6nm±1.4 diameter. They were often in
clusters and surrounded by an amorphous material (Fig. 6b and d,
arrows). In some cells, they were observed inside the cell walls and
in periplasmic spaces (Fig. 6c, arrows andd). In this case, the plasma
membrane in the vicinity of crystals was disrupted. Some rare
needle-like structures were also found in the cytoplasms under-
lying plasmamembranes (Fig. 6b, arrow head). An accumulation of
crystalline structures couldbeobserved in somecells (Fig. 7a). Their
X-ray emission spectrum showed that they were mainly made up
of P, Ca, C and O (Fig. 7b), suggesting they were calcium phosphate
salts. A slight signal of Zn was also detected. No signals of other
metals (such as Pb and Cd) were observed, but may be due to ana-
lytical detection limits. The electron diffraction diagram carried out
on these crystalline structures displayed the characteristic rings of
apatite structures (Fig. 7c). This suggested that crystals in leaf tis-
sues of V. faba L. exposed to very high concentrations of metals and
growing on alkaline substrate, consisted of calcium phosphate in
an apatite-like structure.
4. Discussion
This study was performed by growing seedlings of V. faba
L. on mine tailings and soil plus soil mixed with mine tailings,
preferably to soil artificially added with metals or on hydroponic
solutions, in order to mimic closely field situations occurring in
metal-contaminated places. The data clearly showed both chemi-
cal and morphological plant responses depending on the kind of
metal and on substrate conditions.
4.1. Chemical response of V. faba L. to metal contamination
From the chemical data obtained in this experiment, it was
shown that V. faba L. reacted to the increase of metal concentra-
tion in the substrate. However, this response was not linear and
depended on metal, substrate characteristics, and plant tissue.
4.1.1. Behaviour of metal in plant in relation to metal content in
the substrate
Up to a certain critical limit of metal concentration, some
mechanisms of plant uptake regulation take place regarding metal
contamination. Thiswasattestedby theconcentrationsand theBAF,
which generally decreased from roots to leaves, andwith increasing
level of substrate contamination. Nevertheless, metal concentra-
tion in plant depends not only on substrate metal concentration
level but also on metal type and on the characteristics of the sub-
strate regulating metal availability. Zn and Mn were significantly
stored in plant roots and leaves, whereas Cu, Pb and Cd were par-
ticularly concentrated in roots.Metal accumulation is in theorder of
root > leaf > stem, except for Pb and Cd (root > stem> leaf): this indi-
cated the plant ability to regulate metal transfer. V. faba L. greatly
bioaccumulates Zn and Cd whatever the shoots and roots for plant
growing on soil most probably in relation to its nutrient role for
Zn and its high mobility for Cd under acid conditions. But with
increasing substrate metal content, the relative metal accumula-
tion is decreased, which indicated a limit to metal translocation.
Pb was found to be the most concentrated in the shoots and roots
of plants growing on mine tailings compared to other substrates. It
could be deduced that in response to high concentrations of toxic
metals in the mine tailings, V. faba L. root cells synthesized cer-
tain phytochelators (PCs)–metal complexes, probably to be PC–Pb
complexes. These PC–metal complexesmight influence toxic metal
transport to the stems and leaves. PC–metal complex was also
reported in other plants such as tobacco (Vogeli-Lange andWagner,
1990) and wheat (Stolt et al., 2003). These results suggest accumu-
lationof CdandZn, andPbexclusionas tolerance strategies ofV. faba
L. Similar data have been reported by Vogel-Mikusˇ et al. (2005) in
Thlaspi praecoxWulf.
4.1.2. Influence of physico-chemical characteristics of the
substrate on plant response to metal contamination
Changes in physico-chemical characteristics of substratesmight
affect metal mobility. A pH decrease in the substrate causes an
increasingmetal solubility, which would result in an increased flux
from bound forms to soil solution and thus, to increasing uptake
into plant (Weis and Weis, 2004). In our study, a negative correla-
tion between BAF of metals and pH of the substrates was observed
Fig. 5. Gradual ultrastructural damages of chloroplasts in leaf cells of V. faba L. grown onmine tailings. (a) Chloroplast (Ch) in mesophyllic cell from control plant. Observe the
numerous thylakoids (Thy) and few small plastoglobuli scattered throughout the stroma. CW: cell wall; Mi: mitochondria. Bar =0.2mm. (b and c) Chloroplasts in mesophyllic
cells from V. faba L. grown on mine tailings. Note: (i) the numerous big plastoglobuli (Pg), (ii) the swollen thylakoids (Thy) and their reduced number. The arrows indicate
electron dense needle-like structures on the surface of cell wall. SG: starch granule. Bars =0.4mm (b) and 0.2mm (c). (d) Final stage of chloroplast damages in mesophyllic
cells of V. faba L. grown on mine tailings. Observe the absence of boundary membrane, the high dilation of thylakoids (Thy) and the presence of needle-like structures on the
surface of plasma membrane. Bar =0.4mm.
(Tables 1 and 3), with the highest BAF for Zn and Cd observed for
low-pH soil conditions.
Moreover, it was observed that metal concentration in plants
was not linearly correlated to that in the substrate, and unexpect-
edly the lowestmetal concentrationswere in the group growing on
mixed soil + tailing. Indeed, wemeasured the CEC in themixed sub-
strate (S + T) after plant growing. It showed a significant increase
(10.57±0.12 cmol+ kg−1) compared to the initial value (Table 1),
and particularly for exchangeable Ca, compared with the value
expected by simple mixing calculation (4.24 cmol+ kg−1). This high
value might be explained by an increase in mine tailing carbonate
dissolution under more acid conditions (brought by the soil) and
particularly in the surrounding roots (Chojnacka et al., 2005). This
process is probably enhanced by mine tailing sulphide dissolution,
which is known to increase acidity (Salvarredy-Aranguren et al.,
2008). This led to increased calcium availability as exchangeable
form. Moreover, the slight increase of substrate pH (compared to
soil alone) resulting bymixing soil andmine tailings has also prob-
ably increased metal binding to soil organic matter, which might
strongly reduce metal availability. The increasing exchangeable Ca
particularly obvious for the mixture S +T substrate might be com-
petitive for metals (even if Ca content is not increased in those
plants, Fig. 8). The lowest metal concentration of metals found in
the tissue of plants growing on soil + tailings might be explained
by the regulating role of calcium as indicated by the translocation
factor between metal contents in leaf over root (Fig. 9).
Together with calcium, phosphorus may play a limiting role for
metal translocation and contamination to plant. Ca content in the
plant tissuewas generally higher in themine tailings group (except
for leaves in the S+T group), whereas phosphorus was the less. The
ratio Ca/P (Fig. 8) indicated that leaves of plants growing on mine
tailingswere verymuch enriched in Ca compared to phosphorus. In
the soil group, the significant translocation of Ca probably inhibits
part of the transfer of Zn and mainly that of Cd and Pb to leaves.
When exchangeable Ca increases and P is low (soil + tailing group),
then Ca, P and Cd translocation is restrained whereas that of Zn
and Pb is increased, compared to what happens in the soil group.
This might explain why in spite of the lowest metal concentration,
Fig. 6. Crystalline structures in leaf tissues of V. faba L. grown on mine tailings. (a) Aggregates of crystalline structures (arrows) on the surface of cell walls at the level of
intercellular space (IS). Ch: chloroplast. Bar =mm. (b–d) Distribution of crystalline structures on the surface of cell walls (CW) (b and d), inside the cell wall, in periplasmic
spaces (c and d, arrows) and in cytoplasms underlying plasmamembrane (b, arrow head). Note the amorphousmaterial surrounding needle-like structures (b and d, arrows).
Gr: grana. Bars =mm.
plant growth was reduced for S +T group, whereas non significant
other macroscopic morphological disorders were observed during
the time of the experiment.
Finally, in themine tailings group, when both Ca andmetal con-
tents were very high, translocation occurred almost in the same
way as in the soil group, even if it was proportionally lower in the
different tissues. But the concentrations were so high that critical
limits were exceeded, and consequently some biological processes
were taking place to defend against chemical stress as discussed
below.
According to Kim et al. (2002), a protective effect of Ca2+ on
Pb2+ toxicity occurs for rice. It may involve multiple mechanisms
including competition at the entry level, and that Pb2+ and Cd2+
may compete with divalent cations for transport into roots of
Fig. 7. Apatitic structure of crystals in leaf tissues ofV. faba L. grownonmine tailings.
(a) Clusters of crystalline structures inside a cell leaf. Bar =0.3mm. (b) Spectrum of
X-ray microanalysis from crystals shown onmicrograph (a). Note the great peaks of
Ca and P. Zn was also detected. Cu peak may be disturbed by the section support. Os
and Ti are probably due to sample process. (c) Electron diffraction diagram obtained
fromcrystalline structures shownonmicrographa. Themaindiffraction rings,which
are characteristic of apatitic calcium phosphate are indicated by Miller indices.
rice plants. This process could explain part of Pb storage in roots
in these carbonate conditions. But when the critical limit was
reached (mine tailing conditions), bioaccumulation of Pb became
significant. An increase of Ca concentration under Cd stress would
be a possible mechanism for reducing toxic effects of Cd, and a
Fig. 8. Ca and P concentrations, and Ca/P ratio in the roots, stems and leaves of V.
faba L. growing on soil (S), soil mixed with mine tailings (S + T), mine tailings (T).
decrease of Ca concentration under Cd toxicity may be a symptom
of a damaged intercellular defence system. Osteras and Greger
(2003) have also found interaction between heavy metals and
calcium, which explained the observed concentrations of metals in
bark and wood. As a whole, in such a carbonate environment, even
Fig. 9. Translocation of Zn, Cd, Pb, Ca and P from root to leaf (concentration ratio) of
V. faba L. growing on soil (S), soil mixed with mine tailings (S + T), mine tailings (T).
Notice that Ca and P ratio is divided by 10.
if metal concentration was rather high, the metal translocation
was probably limited by the competition with calcium, the metal
binding to organic matter, and the ability of V. faba L. to accumulate
metals in roots using some regulating mechanisms of toxicity.
4.2. Damages on V. faba L. as a response to metal contamination:
ultrastructural changes and growth reduction
In soils where control plants were grown, total metal concen-
trations of Pb, Cd, Cu and Zn exceed maximum permitted values
for cultivated soils. Indeed in V. faba L. growing on soils, the occur-
rence of dense particles enriched in metals on the surface of cell
walls (but not inside the cells of roots or leaves) of the same type
of those growing on mine tailings, and the absence of any alter-
ation of cell ultrastructure, suggest that some stratagemsof defence
already took place regarding such a soil metal content. This charac-
teristic permitted V. faba L. to avoid being damagedwithin a certain
threshold value. This valuewas exceeded in themine tailings group,
where the regulating potential was surpassed, resulting in all these
metal concentrations increased strongly in all plant tissues. Results
showed that high concentrations of metals in the mine tailings
reduced V. faba L. growth by 38%. Among the concerned metals,
Bolan et al. (2003) have shown that increasing addition of Cd in
soils enhanced Cd concentration in plants, resulting in decreased
plant growth (i.e. phytotoxicity) and cell ultrastructural changes in
both roots and leaves.
In the roots, one of the ultrastructural modifications induced by
high-metal content in substrate concerns the increase of cell wall
thickness. This is one of the mechanisms that plant could develop
to limit metal absorption in roots. Indeed, thickening of cell wall
was observed in shoots of V. faba L. exposed to Cd or Cu (Liu et
al., 2004b) and in marine macroalgus exposed to Cu (Andrade et
al., 2004). This phenomenon seems to be associated to increased
activity of peroxidase (Liu et al., 2004a, b). This enzyme is able to
catalyze lignin synthesis (Arduini et al., 1995) and is induced in
higher plants exposed to toxicmetals (Prasad, 1996). Roots ofV. faba
L. also showed high amounts of electron-dense particles of metals
on the surface and within the cell walls. In the more strongly dam-
aged cells, these particles were found within the cells, where they
accumulate at the nuclear and plasma membranes. EDX analyses
have shown that these particles were Pb- and Zn-enriched. These
observations attest that metals have probably entered within the
root cells. Similar Pb deposits have also been shown along plasma
membranes of Sesbania root cells by Sahi and Sharma (2005).
Thehigh concentrations ofmetals inmine tailings lead to impor-
tant ultrastructuralmodifications inV. faba L. leaves as compared to
control plants. One of them was the deep alteration of the chloro-
plasts, which in the final stage led to their lyses. This alteration
was manifested in choroplasts by the swelling and the decreasing
number of grana thylakoids. Similar chloroplast alterations were
observed in cabbage (Molas, 2002), pine and birch (Kukkola et
al., 1997, 2000) exposed to high-Ni concentrations, or on maize
exposed to Cd and Zn (Jiang et al., 2007). Moreover, the number
and size of plastoglobuli in the thylakoids stroma of V. faba L. leaves
increased for plants grown on mine tailings. It is well known that
the number of plastoglobuli increases with stress conditions due to
nickel or copper exposure (Hernandez et al., 1995; Kukkola et al.,
1997, 2000; Ouzounidou et al., 1997; Molas, 2002; Andrade et al.,
2004).
Concretions were the second major ultrastructural modifica-
tions observed in the leaf mesophyll of V. faba L. grown on mine
tailings. They were mainly localized in intercellular spaces and on
the surface of the cell wall. These concretions could not be detected
in the root cells or in the leaf cells of control plants. They were
found as clusters of needle-like crystals surrounded by amorphous
material. EDX and electronic diffraction analysis showed that they
Table 5
Element ratios in the hair-like crystals of leaf cells of V. faba L. due to metals.
Elements Counts Weight (%) Atom (%)
P–K 8594 39.24 45.68
Ca–K 14,754 59.80 53.79
Zn–K 162 0.96 0.53
Total 100.00 100.00
were Ca–P crystals close to apatite composition (Table 5), which
have already been described generally in pathological cases of ani-
mal tissues (Hering et al., 1987; Hollande et al., 1990; Cantet et al.,
2001). To our knowledge, calcium phosphate crystals have not yet
been described in plants. However, some mineral deposition con-
taining phosphate could be detected in plants exposed to metals.
Sarret et al. (2001) have observed Zn phosphate in dense granules
in the leaves of Phaseolus vulgaris treated by Zn and Pb. Zn phos-
phate deposition has already been described in root or leaf cells of
Thlapsi caerulescens (Vazquez et al., 1994; Zhao et al., 1998). More-
over, Cd phosphatewas observed in the vacuoles ofChlamydomonas
acidophila (Nishikawa et al., 2003).
In V. faba L. the formation of calcium phosphate crystals needs
high Ca and P concentrations to allow their precipitation and thus,
the question arises on the origin of these elements. In vegetal tis-
sues, calcium is mainly concentrated in cell walls (Demarty et al.,
1984) where it plays a role in the structure by forming bridges
between the different polysaccharide molecules (Jarvis, 1984). It
is thus possible that high concentrations of Zn, Pb and Cd, may sub-
stitute for Ca2+. Thus, the Ca2+ ions exchanged in roots and stems
could be transported in leaves by the apoplastic system. At this step,
the concentrationwould be high enough to allow precipitation and
crystallization in the apoplast. The displacement of Ca2+ ions from
cells to apoplastmight also explain the loss of choroplaste structure
since Ca2+ is known to play a significant role in the maintenance of
the thylakoids.
Concerning phosphorus ions, different hypothesis can be pro-
posed. In the vegetal cells, the phytic acid is one of the ways of
storage (Ravindran et al., 1994). This acid is usually stored in the cis-
ternae of the endoplasmic reticulum. As soon as plants are exposed
to stress such as metals, part of the phytic acid is transported in
the vacuoles where it is linked to cations such as metals (Vats and
Banerjee, 2004) and the other part is secreted in the intercellu-
lar spaces. For V. faba L., it can be proposed that the phytic acid,
which is produced in the intercellular spaces might be associated
to Ca2+ ions and thus, induce the formation of phosphate calcium
minerals. Another origin of phosphate ions would be the polyphos-
phate hydrolysis. Indeed, it has been shown that the degradation
of polyphosphates to orthophosphates is more important for plant
tolerance to metals than the absolute amount of polyphosphates
(Van Veen et al., 1994). In V. faba L., it can be proposed that the
formed orthophosphates could precipitate with high-calcium con-
centrations and thus control metals. Indeed, Znwas detected in the
calcium phosphate crystals. Other metals such as Cd and Pb might
be present, but were below EDXM analytic detection limits. The
higher Ca/P ratio in leaf cell (8.0) compared to that in crystals (1.3)
indicated in the latter the relative increase of P relative to Ca, in rela-
tion to mineral precipitation. The role of phosphate has also been
evoked to be a significant controlling factor of metal transfer from
soil to plant particularly for Cd, Cu, Pb or Zn. Chojnacka et al. (2005)
indicated that the higher phosphorus is in soil, the lower the metal
is in plants, and more recently the addition of phosphorus to soil
decreased the bioavailability of Cd and Zn and chloroplast damage
inmaize. Indeed, phosphate deposits in the vacuoles were found to
complex Cd and Zn (Jiang et al., 2007).
However, the understanding ofmechanismsof crystal formation
needs further investigations. Particularly, investigations would be
necessary on ultrastructure of leaves and roots of plants growing
on themixed soil andmine tailings substrate, where plants showed
alteration of growth but no macroscopic changes and surprisingly
low calcium and metal contents in tissue.
5. Conclusion
Experiments were carried out to simulate a field response of V.
faba L. growingonsoil contaminatedbymetals fromcarbonatemin-
ingwastes. The results showed thatV. faba L.was able to translocate
and accumulate metals in different ways and to develop different
stratagems depending on the critical concentration limits and the
physico-chemical characteristics of the substrate.
Metal concentrations in plants were significant in plants grow-
ing both in enriched soils and waste, particularly for Zn and Mn.
But Pb was the most concentrated in all tissue plants growing on
the most contaminated substrate. Root was the favourite compart-
ment of metal storage and of bioaccumulation. Bioaccumulation
was favoured for Zn and Cd in the context of substrate decreasing
pH, whereas calcium and probably organic matter binding regu-
lated metal transfer. This might explain why the plant response
to increasing metal concentration in substrate was not linear, con-
trary to the reduction in plant growth, as observed in the mixed
soil–waste substrate where metals were the less concentrated in
plant tissues. Phosphorus might also be a limiting factor for plants
growing on highly contaminated substrates. Indeed, Ca, P and pH
were supposed to be important factors for metal transfer to plant.
Moreover, on mine tailing substrate, the very high metal and
calcium content led to significant ultrastructural changes in plant
cells compared to soil. On soils, where translocation was favoured,
dense particles of metals were stored in the cell walls. This sug-
gests a mechanism of plant defence without cell ultrastructure
alteration, within a certain critical limit of metal concentration in
substrate. Onmine tailings, wheremetal concentration limits were
exceeded, plant growthwas reduced by 38% and the cell walls were
thickened in roots to limit metal absorption, whereas Pb- and Zn-
enriched particles have entered the root damaged cells. In response
to high concentrations of toxicmetal, phytochelators Pb-complexes
might be synthesized in root cells and control metal transport to
stems and leaves. Moreover ultrastructure of leaf cells of plants
growing on mine tailings was altered particularly for chloroplast
and plastogobuli in relation to metal stress. Finally, concretions
as Ca–P needle-like crystals close to apatite found in intercellular
spaces and at the surface of the cell wall, were identified as another
important regulatory mechanism. Zn was detected in those min-
eral phases, whereas Pb could not be detected probably in relation
to analytical detection limit. These crystals are supposed to be the
ultimate phase of plant response to such highly exceededmetal and
Ca content, before dying.
The formation of such crystals would need more investigations
as well as the behaviour of ultrastructure cell response in plants
growing on the mixed soil–tailing substrate to conclude accurately
on their origin and mechanism of formation.
Indeed, it is important to keep inmind thatmixing soil + tailings
in those proportions in cultivated mining areas led to low-metal
content in V. faba L. despite a significant growth reduction. As long
as substrate pH remains high, metal bioavailability will be low, but
as soon as carbonates are consumed (as enhanced by sulphide oxi-
dation) the mobility of metals and thus their toxicity would be
increased for plants.
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